The paper investigates the behaviour of closed-and open-cell cellular structures under uniaxial impact loading by means of computational simulations using the explicit nonlinear finite element code LS-DYNA.
INTRODUCTION
Materials with cellular structures are arousing great interest in modern engineering industry due to their favourable mechanical and thermal properties. To employ the advantages of these structures for general engineering applications their development was enforced worldwide in the past couple of years ( Figure 1 ). The fundamental properties of the metallic foams and metallic hollow sphere structures are low density accompanied with high strength and stiffness, good damping and energy absorbing capabilities, non flammability and a possibility of cellular structure optimization to meet certain application demands. However, for successful use of this new class of materials a detailed knowledge of their mechanical properties is required [1] . The purpose of the presented research study is characterisation of new advanced cellular materials with pore fillers under impact loading conditions considering high strain rates and large deformations. The computational models of regular closed-and open-cell cellular structures have been evaluated and validated. The base material properties have been determined with experimental measurements of specimens under quasi-static and dynamic uniaxial loading conditions. The computational models account for the fully coupled interaction between the base material and the pore filler. In this study cellular structures with various base materials and relative densities are studied, whereas fillers with different viscosities are also considered. The influence of gas trapped inside the closed-cell cellular structure has been analysed with the representative volume element. The analysis of the viscous filler inside the pores of the open-cell cellular structures has been performed with the combination of the finite element method and the meshless method Smoothed particle hydrodynamics. The LS-DYNA code has been used to perform dynamic computational simulations.
CELLULAR MATERIALS
Cellular structures have an attractive combination of physical and mechanical properties and are being increasingly used in modern engineering applications. Research of their behaviour under quasi-static and high strain rates is valuable for engineering applications such as those related to impact and energy absorption. Usually cellular material is divided in two groups regarding the cell morphology: (i) open-cell and (ii) closed-cell (Figure 2) . In the open-cell cellular structures beams form the cell struts and in closed-cell cellular structure the closed cells are distributed in the base materials enclosed by cell surfaces [3] . Their mechanical behaviour mainly depends on the relative density (the density of the cellular structure, divided by the base material density) and the base material which can vary between metals, plastics, glass and ceramics [3] . The other important parameters of the cellular structures are geometry and topology (regular or irregular structure) and possible filler type. To achieve adequate properties of the cellular material, the base material has to be carefully chosen in regard to its mechanical (strength, stiffness) and thermal properties (thermal conductivity). The advantages of cellular materials in general are low density (lightweight structures), high acoustic isolation and damping, hydrophobic (low water absorption), relatively high grade of deformation, relatively high energy absorption, durability at dynamic loadings and fatigue, recyclability [5] .
However, there are technological problems related to the control of the material structure, since the majority of existing technologies do not allow for precise control of the shape, size and distribution of the cellular pores [4, 6] . This results in wide scatter of physical and other characteristics of these materials and components. Therefore additional research is being conducted to better understand the stabilizing mechanisms effective during foaming in a molten state. The purpose is to establish the basis for the production of foams with smaller and more homogenous cell sizes. A number of alternative production processes based on the use of templates have also been developed in recent years.
With regard to material characteristics, particular emphasis is being placed on elucidating the correlation between strength and cell structure. The goal is to develop numerical and analytical simulation processes which make material behaviour predictable [1] . Recently developed fabrication methods for hollow sphere structures or lotus-type porous metals result in more homogeneous pore structures [4, 6, 7, 8] . First experimental investigations preformed by Anderson et al. [9] show that the mechanical material properties of comparable samples seem to be entirely reproducible. However, behaviour of cellular materials in different applications, when subjected to an inhomogeneous loading field, is not well understood yet [10] . Such inhomogeneous loading usually occurs at notches and holes. Nevertheless, the micro-and macroscopic properties of cellular materials make them very attractive for use in automotive, rail, naval and aerospace industry as heat exchangers, filters, bearings, acoustic dampers, core material in sandwich structures, bio-medical implants and elements for energy absorption [5, 11, 12] . One of the most important areas for the future application of cellular materials is in the automotive industry, where their high impact energy absorption through deformation is of crucial importance for increasing passive safety of vehicles [5, 11] .
The basic mechanical and thermal properties of cellular materials have been closely examined by Gibson and Ashby [11] and their behaviour under high strain rates was examined e.g. by Deshpande and Fleck [13] . The state-of-the-art review of development, manufacturing, characterisation and application of metal foams has been given by Banhart [5] . The general mechanical properties of cellular materials are analysed in detail by Sieradzki et al. [14] and Papadopoulos et al. [15] , their composition and application in [16, 17, 18, 19] and the manufacturing by Gibson et al. [11] and in [20] . Several design guidelines are presented by Ashby et al. [21] . The internet site Metal foam info mediates up-to-date information about cellular structures in general, but is focused mostly on metallic foams [22] .
Cellular materials have a characteristic stress-strain relationship in compression, which can be divided into four main areas: a) quasi-static linear response, b) transition zone, c) stress plateau and d) densification.
After initial quasi-linear elastic response, where the elastic deformation of the cell walls occurs, the cellular materials first experience buckling, plastic deformation and collapse of intercellular walls in the transition zone. Under further loading the mechanism of buckling and collapse becomes even more pronounced, which is manifested in large strains at almost constant stress (stress plateau) until the cells completely collapse (densification). At this point the cellular material stiffness increases and consequently converges towards the stiffness of the base material. During tensile loading the linear elastic response remains the same as at compressive loading, according to Gibson [23] . Additionally, with the strain increase, the cells become more orientated with the loading direction, increasing the stiffness of the cellular material until the tensile failure. The mechanism of cell deformation and collapse also depends on the cellular structure relative density. While the cell walls are subjected to buckling and bending at low relative densities, they shear at higher relative densities since the cell walls are too short and/or too thick to bend [3] .
The cellular material is able to absorb significant amount of energy through its deformation during the loading process. The absorbed energy is a sum of energy accumulated during elastic deformation and energy absorbed by the plastic deformation. The latter is very important for crash energy absorption and is more pronounced for metal foams than for polymers. It is worth noting that the energy absorption is also strain-rate dependent. The higher the strain-rate, the higher is the capability of energy absorption through deformation.
PORE FILLERS
During the manufacturing procedure of closed-cell cellular metals with gas injection (air, CO 2 , O 2 , Ar) the gas in pores can reach up to 1200 K and 100 MPa according to Elzey et al. [24] and Öchsner et al. [25] . After solidification and cooling down it can be assumed that the gas is trapped in the base material for a certain time. During impact loading of such materials the gas inside the pores might significantly influence the macroscopic cellular material behaviour. High gas compression under impact loading causes significant gas temperature increase, which influences the overall response of the cellular material that might result in inadvertent collapse of intercellular walls and increase of the material structure porosity [26, 27] . Even for open-cell honeycomb structures it was reported by Shkolnikov that the gas inside the pores contributed to 10 % higher stiffness of the honeycomb, although this effect was observed only for larger specimens [28] .
Investigations to incorporate the gas influence on macroscopic mechanical behaviour were done by Kitazono et al. [29] , where the authors have in their analytical approach assumed a constant gas pressure in closed pore structure. However, this approach did not consider the change of the gas pressure during the deformation and the concept of large plastic deformation. Therefore, the application of their model is limited to time-independent, small deformations problems. Under compressive loading the pore gas pressure increases due to cell deformation, thus contributing to structure stiffness increase up to the point of base material yielding. This results in the collapse of intercellular walls and increase of the material structure porosity [24] . Öchsner et al. have shown a strong effect on the yield stress due to varying pore gas pressure under quasi-static loading and isothermal conditions. More pronounced influence can be therefore expected for the case of impact loading [25] .
Cellular materials are commonly used in shock absorption applications. Their structure enables to minimize the collision damage by impact energy dissipation during the deformation and reducing transmitted forces to higher safety levels [30] . Fluid (usually a gas) in these empty pores is compressed and flows through the cells during the loading process. Shim and Yap [31] state that this effect might be neglected in cellular materials with low relative density and slow deformation (low strain rates). Consequently, it might be neglected at quasi-static mechanical testing of cellular materials to determine their mechanical properties. However, the effect of gaseous or even liquid fillers increases with higher strain rates. This results in change of yielding and hardening under dynamic loading conditions and results in a necessity to consider the strain-rate sensitivity for cellular materials. The effect of strong strain-rate dependence was already observed by Ohrndorf et al. [26] , by studying mechanical properties of closed-cell structures at translational strain rates up to 2 s-1 . It was concluded that the cellular materials have significantly different stress-strain relationship at higher strain-rates without the characteristic plateau stress. Generally, the capability of impact energy absorption increases with increasing strain-rate sensitivity. It should be noted that the strain-rate sensitivity is also temperature dependent [32] .
Very fast deformation at high strain rates results in temperature change of the base material, which affects its mechanical properties. However, for impact loading the loading time might be short enough to justify neglecting the temperature effects by heat conduction in the base material. The subsequent temperature increase after the impact is in this case not important. Preliminary simulations based on transient heat transfer simulations in twodimensional computational model of closed-cell cellular structures, accounting for different relative densities and pore fillers, seem to justify this assumption [33] .
In open-cell cellular materials the gas can not be trapped in the cellular structure without sealing of the material boundary. A logical solution to increase the energy absorption in opencell cellular materials is by filling the cellular structure with viscous fluid. Such fluid offers certain level of flow resistance during collapse of cellular structure due to its viscosity, which in turn increases the structure stiffness during the deformation process. Preliminary investigations have shown that in combination with high strain-rate loading this result in substantial increase of energy absorption [27, 34] . Experimental testing and computational simulations carried out have already shown that the filler significantly influences the macroscopic behaviour of materials with open-cell cellular structure [34] . Therefore it is reasonable to investigate and examine further the filler influence with additional experimental testing and computational simulations in order to determine advanced numerical models that will assure a fast, accurate and reliable method for use in general engineering.
However, a successful computational simulation of the cellular material behaviour under influence of external loading necessitates use of suitable numerical and constitutive models. Some of these models have been developed in the past, but they are limited regarding the loading velocity and do not account for possible cell filler influence on the macroscopic properties of the cellular material [13, 35, 36, 37, 38] .
Therefore, it is reasonable to investigate the combination of cellular structures with filler by determining its influence on the macroscopic behaviour of cellular metals by means of computational simulations. Parametric computational simulations of the closed-and opencell cellular structure under impact conditions with gaseous and liquid fillers were performed in this respect.
CLOSED-CELL CELLULAR STRUCTURES
Mechanical characterisation of closed-cell cellular structures with experimental testing is usually limited to macroscopic cellular material behaviour, since it is not possible to measure the change of the internal pore gas pressure and its influence. Therefore dynamic computational simulations of closed-cell cellular structure have been used in order to evaluate the influence of the gaseous pore filler at different relative densities.
COMPUTATIONAL MODEL
Complete detailed modelling of cellular materials is usually not possible due to insufficient computer capabilities. For this reason the cellular materials are often modelled by considering a "representative volume element", which serves for detailed studies of mechanical behaviour of a minimum number of unit cells and its mathematical characterization, which is then used as a cellular material constitutive model in consequent computational analyses of complete cellular structure. The minimum number of unit cells must be sufficient to correctly represent macroscopic parameters of the cellular material [34, 39] . In this a regular cellular structure has been considered to achieve reasonable computational times (Figure 3 ). The representative volume element was cube-shaped with the edges varying from 1.523 to 2.605 mm in length and a spherical pore with a radius of 0.75 mm which corresponded to relative densities varying from 0.5 to 0.9 ( Figure 4 ). The lowest possible relative density of the considered cell geometry and topology is 0.48.
Aluminium alloy AlCuMg1 has been used as the base material of closed-cell cellular structure [39] . The strain rate sensitivity was considered by implementing the CowperSymonds' constitutive relation (1) where σ' is the stress at the strain rate ε . and σ is the stress at quasi-static conditions. C and p are material parameters which characterize the material strain rate sensitivity [40, 41, 42] . The mechanical properties of the base material are listed in Table 1 . The base material was meshed with fully integrated 8-node brick elements. With additional parametrical simulations a proper mesh density and time step were evaluated to achieve precise results and reasonable computational times.
Two gases (Air and CO 2 ) have been considered in the computational models, with their properties listed in Table 2 . Figure 5 Interaction between the base material and the pore gas A fully coupled fluid-structure interaction between the base material and the pore filler (gas), accounting for actual base material deformation and change of gas pressure, temperature and its volume has been considered. A special formulation (airbag definition) in the LS-DYNA code was used to consider the gas influence inside the pore and to compute its pressure, volume and temperature change [40, 44] . It was presumed that the gas has ideal properties (pV/T = const.). With additional simulations it was proven that it is very important to consider the change of temperature (not only pV = const.) which contributes to the pore gas pressure build-up. The surface of the pore was meshed with shell elements of negligible stiffness (ρ = 1,000 kg/m 3 , E = 1,000 MPa, ν = 0.3 and the thickness of shell elements was 0.1 mm) to properly define the used airbag model. The nodes of the shell elements were coincident with the inner surface nodes of the base material. The deformation of the structure (change of the pore volume) thus resulted in change of gas temperature and pressure acting on the structure, which is schematically presented in Figure 5 .
Four different initial pore gas pressures of 0.5, 5, 50 and 100 MPa were used to study its influence on the macroscopic behaviour of the cellular material.
The impact load was displacement controlled and applied to the upper surface of the cell with prescribed strain rate of 100 s -1 . Two load cases were considered: (i) compressive and (ii) tensile loading. The lower surface was fixed in the vertical direction. Special periodic boundary conditions were prescribed on side surfaces, where all nodes on a surface have the same displacement in the normal direction to the surface [39] . Those boundary conditions have been also confirmed with parametrical simulations [34, 43] .
The pore surface elements were defined as one contact group to account for possible selfcontact at very large deformations.
The analysis time interval was set to 10 ms, with results output required every 0.001 ms. In the first millisecond the cellular structure was pre-stressed with gas pressure build-up to prescribed level. After that initialization time the structure was exposed to mechanical impact loading.
The average size of the elements is 0.05 mm and the whole model consists of 12,000 brick elements and 2,400 shell elements, together contributing to 85,200 degrees of freedom. The time step for explicit transient dynamic analysis was automatically set to 0.1 ms with regard to the lowest resonant frequency of the structure. The analyses were run on a PC-cluster of 8 units with Intel Pentium IV 3200 MHz processors and 1 GB RAM each and a single run lasted for approximately 170 minutes.
RESULTS
Due to the initial pore gas pressure (0.5, 5, 50 and 100 MPa) the base material is pre-stressed to a certain level before the mechanical loading starts (Table 3) . The stress in the base material also depends on the relative density and increases with decreasing the relative density. Figures 6 and 7 illustrate the difference between cell deformations at lower and higher initial pore gas pressure. As expected, the pore compresses more in the case of lower initial pore gas pressure than in the case of higher pore gas pressure. High pore gas pressure also results in higher base material deformation. t = 0 ms t = 2 ms t = 4 ms t = 6 ms t = 8 ms Figure 6 Cell deformation Figure 7 Cell deformation under compressive loading under compressive loading with with initial pore gas pressure initial pore gas pressure of 0.5 MPa of 100 MPa Figure 8 illustrates the simulated behaviour of the closed-cell cellular structure under compressive and tensile impact loading with different initial pore gas pressures at a strain rate of 100 s -1 . Under compressive loading the pore volume decreases and consequently the internal pore gas pressure increases, see Figure 9 . This mechanism leads to increase of the macroscopic yield stress (e.g. increase of 10.6 % for considered example, Figure 9 ), since the gas pressure inside the pore acts in the opposite direction than the external loading. With higher pore gas pressure the cellular structure exhibits higher stress levels during the plastic deformation and thus absorbs more impact energy. Furthermore, higher pore gas pressure contributes to delayed and slower densification of the cellular structure, which occurs at a higher strain. During tensile loading the higher pore gas pressure lowers the macroscopic yield stress (e.g. decrease of 18.7 % for considered example, Figure 10 ). With higher pore gas pressure the cellular structure exhibits lower stress levels during the plastic deformation and thus absorbs less impact energy, Figure 10 . The relative gas pressure change in regard to the initial pore gas pressure for the relative density 0.7 is shown in Figure 11 . It is evident that the gas pressure change is higher in case of a lower initial pressure. The diagram also confirms that the gas pressure rises up to a certain limit value that depends on the mechanical properties of the base material [34] . Figure 11 Relative gas pressure change regarding the initial pore gas pressure Figure 12 Change of pore volume and gas pressure at compressive loading for different relative densities
The change of gas pressure and pore volume at compressive loading for different relative densities is presented in Figure 12 . The pore volume of the cellular structure with higher relative density is reduced more than in cellular structures with lower relative density, which is attributed to higher base material resistance. The pore gas pressures are therefore higher in cellular structures with higher relative density. A similar effect can be found when comparing base materials with different stiffness.
The macroscopic behaviour of cellular structure accounting for pore filler with different relative densities is shown in Figure 13 . The influence of initial pore gas pressure is more pronounced in the cellular structure with relative density 0.6. From computed results it can be concluded that the pore gas pressure has higher influence on cellular structures with lower relative density. The influence of initial pore gas pressure at different strain rates for the closed-cell cellular structure with the relative density 0.7 is shown in Figure 14 . Higher gas pressure increase at higher strain rates is evident, which can be attributed to higher base material strain rate sensitivity. However, the influence of different initial pore gas pressures on the global cellular structure behaviour is negligible at considered strain rates. With additional computational simulations it was observed that the influence of filler gas type (air, CO 2 ) is negligible. However, at very low relative densities the type of the filler gas might have more pronounced effect on the global cellular structure response.
OPEN-CELL CELLULAR STRUCTURES
Initial experimental testing of regular open-cell cellular structures made of aluminium alloy showed a very brittle and unpredictable deformation [34] . Therefore viscous pore fillers have been introduced to improve the behaviour during the plastic deformation and increase the capability of deformational energy absorption. Computational simulations were carried out to investigate the influence and flow of the viscous pore filler more precisely.
COMPUTATIONAL MODEL OF THE STRUCTURE
The behaviour of open-cell cellular structures accounting for viscous fluid pore filler was studied for the case of regular and periodic pore geometry (Figure 15 ). In comparison with closed-cell cellular structure, the representative volume element approach could not be applied here since the filler flow through the cell could not be correctly described and simulated. The open-cell cellular structures with relative densities / 0 = 0.37; 0.27 and 0.16 which corresponds to the basic geometry dimensions of d = 3 mm and a = 4.5, 4.0 and 3.5 mm was considered in this computational study. The polymer FullCure with different mechanical properties for the tensile and compressive loading was used as the cellular structure base material. The mechanical properties are listed in Table 4 and the constitutive model again accounted for strain rate sensitivity according to Eqn. (1). The cellular structure base material was discretised with 8-noded fully integrated quadratic solid elements. With additional parametric analyses the proper mesh density (l ≈ 0.1 mm) and time step size (∆t ≈ 0.04 µs) have been determined to assure precision of computational results. The cellular structure was loaded with displacement controlled compressive load at strain rate of 1,000 s -1 . Symmetry boundary conditions have been applied due to regular geometry of the cellular structure [34] .
COMPUTATIONAL MODEL OF THE LIQUID FILLER
The viscous fluid filler was modelled with the Smoothed particle hydrodynamics method (SPH), where the analysed system state is represented by a set of particles ( Figure 16 ). The particles possess individual material properties and move according to the governing conservation equations. The SPH method is a meshfree, Lagrangian, particle method [34, 40, 44, 45, 46] . The most significant is the adaptive nature of the SPH method, which is achieved by the field variable approximation (i.e. density, velocity, energy) that is performed at each time step based on the current local set of arbitrarily distributed particles. Because of the adaptive nature of the SPH approximation, the formulation of the SPH is not affected by the arbitrariness of the particle distribution. Therefore, it can handle problems with extremely large deformations without any difficulties. Another advantage of the SPH method is the combination of the Lagrangian formulation and particle approximation. Compared with Eulerian description, it is more effective, since only the material regions of interest need to be modelled, and not all the regions where material might exist. However, the SPH technology is relatively new compared to standard mesh-based Lagrangian and Eulerian descriptions, with remaining known problems in the areas of the stability, consistency and conservation [34, 45, 46] .
Water (ρ = 1,000 kg/m 3 at 293 K) was used as the cellular structure filler in this study. The relationship between the change of volume and gas pressure has been represented with the Mie-Grüneisen equation of state [40, 44] . An optimal distance between the SPH particles (l ≈ 0.112 mm) and mass of single particles (m i ≈ 1.42 µg) has been determined with separate parametric simulations.
The fully coupled interaction between the fluid filler and the cellular structure base material has been established using an automatic single surface contact algorithm [34, 40, 44] .
The outflow of the liquid filler was validated and verified with the computational fluid dynamics code CFX [47] . It was confirmed that under compressive load approximately 96 % of the filler mass flow is in the horizontal direction of the open-cell cellular structure ( Figure 17) . Hence, only one layer of cellular structure was discretised and used in computational simulations, which essentially contributed to shorter and more reasonable computational times. A very good agreement of results from both codes can be observed, which in turn validates suitability of the SPH model to accurately simulate the filler flow through the cellular material.
Described computational model has been used for parametric simulations to determine the influence of the fluid filler viscosity and its flow through the cellular structure, the size of cellular structure (number of cells) and the relative density. A single analysis run of the computational model with 16 cells lasted approximately 12 hours on a PC-cluster of 4 units with Intel Pentium IV 3200 MHz processors and 1 GB RAM each. Figure 19 shows the deformation of the cellular structure with liquid filler under impact loading at different time sequences. Figure 21 illustrates the influence of the relative density and the filler. As already known, the stiffness increases with increasing the relative density. It can be also observed that the filler influences more the behaviour of cellular structure with higher relative density than the cellular structure with lower relative density. The reason for this effect can be derived from the fact that the filler is subjected to higher resistance during the outflow through the cellular structure with a high relative density, which consequently contributes to the increase of the macroscopic stiffness of the cellular structure. With further computational simulations it was also determined that the increase of the filler viscosity results in increase of macroscopic mechanical properties and consequently in higher stiffness of the cellular structure and higher capability of deformational energy absorption.
RESULTS

CONCLUSION
The paper discuses three very important fields of engineering computational simulations: (i) modelling of cellular structures, (ii) fluid-structure interaction and (iii) impact loading conditions.
To define the influence of several parameters on the behaviour of closed-cell cellular structure under impact conditions, computational model of the representative volume element has been developed. The influence of gas trapped in the pores has been studied in greater detail. The gas was described using an airbag model, accounting for the change of gas pressure, volume and temperature. Computational simulations have shown that the global stiffness of the cellular structure accounting for the gaseous fillers increases under compressive loading. However, the stiffness of such structures decreases under tensile loading. Consequently, the capability of crash energy absorption is higher under compressive loading. Higher internal pore gas pressure also results in densification at higher strains. It is determined that under higher internal pore gas pressure the cellular structure base material sustains higher plastic deformation. Computational results have also shown that the influence of the pore gas pressure increases with decrease of cellular structure relative density. The strain rate also affects the pore gas pressure. The influence of the internal pore gas pressure in considered cases is relatively small due to the high relative density that is determined with the cellular structure geometry (ρ/ρ 0 > 0.48). However, in commercial closed-cell cellular structures with much lower relative density (ρ/ρ 0 < 0.1), higher influence of the gaseous filler is expected. The influence of the gas type is negligible.
New models for fully coupled computational simulations of open-cell cellular structure with fluid fillers under impact conditions have been developed and evaluated. The fluid flow due to the cellular structure deformation is described with the smoothed particle hydrodynamics method. It was observed that the filler influences more the behaviour of cellular structure with higher relative density due to the cellular structure pore size effect. In cellular structure with high relative density the pore sizes are smaller than in cellular structure with lower relative density. Hence, the filler is subjected to higher resistance during the outflow in the first case, which consequently contributes to the increase of macroscopic stiffness of the cellular structure.
Future research work will be focused on experimental testing and also detailed study of cellular structure subjected to multi-axial impact loading conditions.
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